The measurement of β-emitters in biological samples (hair, urine and bone) from three patients in the JCO criticality accident was performed to assess the neutron dose to individuals. The result of the measurements of 32 P in hair and urine collected immediately after the accident showed that sufficient 32 P activities had been induced in the hair by fast neutrons and in the urine by thermal neutrons to know the severity of the exposure to the individuals and to the position. From the measurement of 32 P and 45 Ca in bone from various anatomical parts of two patients who died 82 and 210 days after the accident, it was suggested that the distribution of the induced β-emitters activities could prove the position and posture of the patients at the moment of exposure.
INTRODUCTION
In the JCO criticality accident which occurred on September 30, 1999, three workers were heavily exposed to neutrons and gamma rays from a nuclear excursion which occurred in the precipitation tank. In our institute (NIRS), which received three of the patients, a team was organized for determining the absorbed doses in those exposed individuals. For guidance of the medical treatment, provisional mean doses to the whole body were obtained from a comprehensive evaluation of the blood-component variation, chromosome abbreviation in lymphocytes and 24 Na activity in the blood. For a more apparent dose estimation, additional biological samples from the patients were collected and their radioactivities were measured. We measured the β-emitters in the biological samples in order to obtain as much information as possible from the irradiated individuals. In the body of patients exposed to the nuclear excursion, various β-emitters, such as 32 P, 31 Si, 35 S, 36 Cl and 45 Ca, should have been induced by neutron activation. They are all derived from bioelements (S, P, Cl, Ca) of high chemical abundance in the human body, except for H, C, O and N. Among them, 32 P has mostly been of concern because of the relatively high activation probability and the availability for dosimetry in the criticality accident. In this work, we also focused on this radionuclide.
We first tried to measure the 32 P activity in urine and hair samples. These samples were collected within about two weeks after the accident, and work for the measurement and its follow-up were continued for a few months. Meanwhile, two patients (A and B) died because of lethal doses received in the vicinity of the precipitation tank. Consequently, we ended up determining 32 P and another pure β-emitter 45 Ca, in bone samples from the two patients. The present report is a brief review of our work to determine β-emitters in biological materials taken from the patients in the criticality accident. The detailed results will be published in the near future.
METHODS (β-ray measurement)
For determining β-emitters in biological samples from the patients, we used a liquid-scintillation counter (Tri-Carb 2200, Packard Co.) and a low-background β-ray spectrometer (Pico-β TM ; Fuji Electric Co.).
Liquid-Scintillation Counter
A liquid-scintillation counter was used to measure the induced 32 P activity in the hair and urine. For the measurement, hair samples were cut into small pieces and urine samples were freeze-dried. To obtain a homogeneous solution for a reproducible measurement of these samples, a tissue solubilizer ( Soluene-350, Packard Co.) was used. Soluene-350 is such a strong organic base that Hionic-Fluor (Packard Co.) is also used as a cocktail tailored for samples solubilized in strong alkaline media. For colored samples after solubilization, bleaching was done by the addition of a small amount of 30% hydrogen peroxide.
For measuring 32 P, which has a maximum beta energy of 1700 keV, the discriminator window was set to the range of 50 keV to 1700 keV. A correction of the quenching was carried out by using non-radioactive hair and urine samples, and also by using the NIST (National Institute of Science and Technology, U.S.A) standard 32 P solution, whose concentration was specified. Significant quenching did not occur until more than 0.2 gm of hair and 1.0 gm of freeze-dried urine was dissolved in a counting vial.
Low-Background β-ray spectrometer (Pico-beta)
The Pico-beta which we used in this work was composed of a gas flow-type GM tube and a plastic scintillator with an anticoincidence system. The Pico-beta was used to measure the 32 P activity in all of the obtained samples (hair, urine and bone) and the 45 Ca activity in the bone from the two patients. Hair samples were cut into a small pieces, urine samples were freeze-dried and bone samples were radiochemically transformed into Mg(NH 3 )PO 4 and CaCO 3 . The weight of each sample used for the measurement was no more than 1gm. The activities of 32 P and 45 Ca were counted in the regions of the corresponding energies, respectively.
DETERMINATION OF 32 P IN URINE
The 32 P activity generated by the thermal-neutron activation of stable phosphorus in the whole body should be excreted in the urine. In past criticality accidents at Los Alamos (Pajarito accident, 1946) 1) and Oak Ridge (Y-12 Plant-III accident, 1958) 2) , urine samples were collected from exposed workers and analyzed for radioactivity of 32 P. The reports from these accidents, however, indicated that the 32 P activity in the urine could not be correlated with the neutron dose.
In this work, daily urine samples were collected from three patients for 12 days after the accident, although it was intermittent. Measurements of 32 P in these urine samples were performed with a liquid-scintillation counter and Pico-beta. Almost the same results were obtained from the two methods. Figure 1 shows the daily urinary excretion of 32 P in patient A, which is the result obtained by liquid-scintillation counting. The 32 P excretion curve was analyzed by the least-squares method. The obtained equation was comparable with the equation 3) used in the biokinetic model of 32 P recommended by ICRP. Among the three patients, the total activities of 32 P daily excreted in urine were different, and the activities were correlated with the individual provisional mean doses estimated from blood 24 Na measurement, and so on. From these results, it was considered that the activity of 32 P in urine could be adopted to a neutron-dose estimation at S132 H. TAKEDA ET AL.
a criticality accident, although it was different from the previous reports 1, 2) .
DETERMINATION OF

P ACTIVITY IN HAIR
32
P is produced by fast-neutron activation of stable sulfur, as well as by the thermal-neutron activation of stable phosphorus. Human hair contains approximately 5% sulfur with little variation from individual to individual or from one part to another part of a particular individual 4, 5) . Contrary, hair contains little phosphorus. Since the neutron-activation cross-sections of sulfur and phosphorus are essentially the same, most of the 32 P activity present in hair should be derived from fast-neutron capture by sulfur. Therefore, any hair sample had been used for estimating the fluence of fast neutrons with energies in excess of 2.5 MeV, as reported previously [4] [5] [6] [7] . When hair samples were collected from different locations, the estimates of the neutron-fluence distribution had been attempted in an experimental situation 4) and in an accidental situation 8, 9) . In this work, hair samples from the head and pubis of patient A and B, who were heavily exposed in the vicinity of the precipitation tank, were submitted to β-ray analyses by a Pico-beta and a liquid-scintillation counter. As for patient C, who was in the room next to the precipitation tank, γ-ray spectrometry of hair samples performed before the β-ray analysis indicated an obvious contamination with such fission products as 91 Sr, 91 Y and 140
Ba. Therefore, the determination of β-rays in hair samples from patient C was not carried out. 
Ca IN BONE
In bone, which mainly consist of Ca 10 (PO 4 ) 6 (OH) 2 Bone samples were taken from various anatomical locations of two patients who died 82 days (patient A) and 210 days (patient B) after the accident, and the radioactivities of 32 P and 45 Ca in these bone samples were measured with a Pico-beta. Figure 2 shows the distribution of 32 P among the bone samples of patient A. The concentration of 32 P varied widely among the different parts within the body. Higher concentrations were observed in the anterior rib, the iliac bone and the thighbone. Contrary, the concentrations were lower in the frontal bone, the finger bone and the toe bone. In the iliac bone, the rib and thighbone, the right side showed higher concentrations than the left side. This result indicates that patient A received a higher neutron dose on the frontal right side around the waist and chest, and that the dose decreased with the distance from the central part of the body. From these results, it was deduced that the central part of patient A was facing the precipitation tank while maintaining some angle between his body and the wall of the tank.
In the case of patient B, only 45 Ca could be detected in the bone samples, since 32 P had already been decayed out when the samples were taken. The concentrations of 45 Ca in patient B
were not significantly different from part to part within the body, and the levels of the concentrations in individual parts were almost the same as, or lower than, those in patient A. The exposure to patient B seemed to have been less inhomogeneous compared with that to patient A. This means that most parts of his body were located at almost the same distance from the neutron source.
DISCUSSION
In previous cases of criticality accidents, neutron-dose estimations from induced radioactivity analyses of the irradiated person were preferentially based on 24 Na in the blood 1, 2, 8, 10) . In the JCO criticality accident, the analysis of 24 Na in blood also provided valuable data for an early dose estimation of three patients 11) . However, the data is not sufficient for a more precise assessment of the dose, or its distribution, in the irradiated individuals. In this work, data on the induced β-emitters in various biological samples from the accidental patients were obtained.
The measurement of 32 P in urine suggested that the levels of 32 P activity could be correlated with the mean doses to three patients. The result of hair analysis indicated that the exposure to trunks of the two patients was more severe than that of the heads. From the measurement of 32 P and 45 Ca in bone samples from various anatomical locations of the two patients, valuable information about the distribution of the neutron dose was obtained and utilized to presume the position and postures of the two patients at the moment of exposure.
To assess nuclear accidental exposure, there are various aims, depending on the situation after the accident 12) . Making a rapid assessment of the dose delivered to exposed individuals is necessary in the early stage after an accident. Contrary, when measurements and dose calculations have been refined, more accurate results are required to provide data for regulatory and legal purposes, or for use in the handling future accidental exposure. The information from not only 24 Na activity in blood, but also 32 P activity in urine and hair, would be available to know the approximate severity of the exposure and to estimate the dose and its rough distribution. The information from 32 P and 45 Ca activities in bone could be useful as a consequential proof for more accurate dosimetry.
In the event of future criticality accidents, the dose distribution as well as the total mean dose should be considered in establishing a prognosis of any irradiated individual and in evaluating the dose-effect relationship [13] [14] [15] . Efforts should be made to collect samples from as many locations as possible to establish dose-distribution estimates. As a limited available sample, finger and toe nails or wool in clothing as well as hair samples should be considered 12) . By using these samples, more simple and rapid procedures for performing dose-distribution estimates should be developed. Also, the information obtained from the measurement should be given to the medical staff as soon as possible to assist them in treating their patients. For this purpose, our health physicists should be closely in touch with the medical staff.
